The activated TIG (ATIG) welding process mainly focuses on increasing the depth of penetration and the reduction in the width of weld bead has not been paid much attention. The shape of a weld in terms of its width-to-depth ratio known as aspect ratio has a marked influence on its solidification cracking tendency. The major influencing ATIG welding parameters, such as electrode gap, travel speed, current and voltage, that aid in controlling the aspect ratio of DSS joints, must be optimized to obtain desirable aspect ratio for DSS joints. Hence in this study, the above parameters of ATIG welding for aspect ratio of ASTM/UNS S32205 DSS welds are optimized by using Taguchi orthogonal array (OA) experimental design and other statistical tools such as Analysis of Variance (ANOVA) and Pooled ANOVA techniques. The optimum process parameters are found to be 1 mm electrode gap, 130 mm/min travel speed, 140 A current and 12 V voltage. The aspect ratio and the ferrite content for the DSS joints fabricated using the optimized ATIG parameters are found to be well within the acceptable range and there is no macroscopically evident solidification cracking.
Introduction
Duplex stainless steel (DSS) typically comprises the microstructures consisting of approximately equal proportions of body-centered cubic ferrite and face-centered cubic austenite. These two phases possess varying affinities for alloying elements in duplex stainless steels [1e3] . Duplex stainless steel is a common structural material used in the oil and gas industries, and has special applications in chemical, wastewater treatment and marine engineering fields as well. Strength of DSS is higher than that of the single-phase austenitic stainless steel. DSS are far better than many single-phase austenitic or ferritic stainless steels in terms of resistance to localized corrosion as well as stress corrosion cracking (SCC) [4e6] . DSS can be used in defence applications instead of conventionally used Austenitic stainless steel for the fabrication of water bowsers for carrying portable fresh drinking water to military operational areas where good quality of drinking water is not available and needed. The use of DSS for fabrication of water bowsers in military applications will be very much useful because it will increase the payload capacity of the water bowsers. A major concern for duplex stainless steel is that welding can degrade the strength and corrosion resistance of the microstructures by producing unbalanced ferrite/ austenite content in the weld metal. The phase balance of the weld metal is critical to maintain the original chemical and physical properties of duplex stainless steel. Therefore, the techniques that control the ferrite/austenite content of the weld metal are very important [7] . In the heat-affected zone (HAZ), the phase ratio is strongly dependent on the weld thermal cycle [8, 9] .
Welding process, filler metal additions, shielding gas and heat input are important factors that contribute to establish the equal proportion of austenite-ferrite phase ratio (1:1) in the weld metal region. However, in practice it is not possible to establish 1:1 austenite-to-ferrite ratio in all the zones of the welded joints. The advisable and desired ferrite content in the weld joint is 30e55% for better performance of the duplex stainless steel to serve the purpose for which it is intended. Welding procedures should be designed to produce this same structure in the weld metal and heat-affected zones. Most of the conventional welding processes, such as submerged arc welding (SAW), shielded metal arc welding (SMAW) and tungsten inert gas (TIG) welding, can be used for welding DSS [5, 8, 10] . TIG welding process is one of the most popular technologies for welding thin materials in manufacturing industries because it produces high quality welds. However, compared with the metal inert gas welding process, the TIG welding has poor joint penetration when thick materials are welded in a single pass. Generally, the single pass TIG welding with argon as shielding gas is limited to a 3 mm depth for the butt-joint of stainless steels. Therefore, it is necessary to improve the penetration capability and manufacturing productivity of TIG welding [11e14] . One of the most notable techniques is to use activating flux with TIG welding. To make an activating flux, powder ingredients such as oxides, chlorides, and fluorides are typically added to acetone or ethanol solvent to produce a paint-like constituent. Before welding, a thin layer of the flux was brushed on to the surface of the joint to be welded [15e19]. The Paton Welding Institute of Kiev (Ukraine) was the first to develop this process [19] , called the activated TIG welding (ATIG) process. Activated TIG improves upon conventional GTAW, by increasing the single pass joining thickness from 6 to 10 mm for stainless steel [7, 20] . The activated TIG welding process typically results in a 200e300% increase in penetration capability, thereby reducing weld time and costs for manufacturers [21e24].
The activated TIG (ATIG) process mainly focuses on increasing the depth of penetration and the reduction in the width of weld bead has not been paid much attention. Higher width of the weld bead results in greater heat affected zone which is not desirable for any welded joint. A controlled weld thermal cycle of activated TIG (ATIG) welding process that gives deeper penetration and smaller width is very much appreciated for DSS joints. Therefore, it is essential to analyze both depth of penetration, D, and width of the weld bead, W. The shape of a weld in terms of its width-to-depth ratio known as aspect ratio has a marked influence on its solidification cracking tendency. Therefore, it is necessary to explore the most influencing ATIG welding process parameters that aid in controlling the aspect ratio of DSS joints and must be optimized to obtain desirable aspect ratio for DSS joints for structural integrity of the joints by using a systematic process optimization techniques. Taguchi method was developed as a process optimization technique by Genichi Taguchi. This approach provides the design engineers with a systematic and efficient method for determining nearoptimum design parameters for performance and cost. Additionally, the optimum working conditions determined from the laboratory work can be reproduced in the real production environment [25, 26] . Various steps of Taguchi method are shown in Fig. 1 . Hence, in this study, an attempt has been made to optimize the above parameters of ATIG welding for aspect ratio of ASTM/UNS S32205 DSS welds using Taguchi orthogonal array (OA) experimental design and other statistical tools such as Analysis of Variance (ANOVA) and Pooled ANOVA techniques [27] . This investigation assumes significance, as no systematic study has been reported so far, to analyze the influence of process parameters of ATIG welding to obtain desirable aspect ratio (ASR) of DSS joints.
Experimental work

Base metal
The base metal used in this study is a duplex stainless steel (ASTM/UNS: S32205), which chemical composition is presented in Table 1 . The microstructural feature of the base metal exhibits a dulplex structure with embedded grains of austenite (white) and ferrite (brown), as shown in Fig. 2. 
Process parameters and their levels
The independently controllable predominant process parameters of ATIG welding that control aspect ratio of DSS joints are identified as electrode gap, travel speed, current and voltage. The ranges of the parameters are decided based on the several experimental trials and are listed in Table 2 .
Taguchi design of experiments (DOE)
Taguchi method is a systematic application of design and analysis of experiments for the purpose of designing and improving product quality. The Taguchi method uses a special OA to study all the designed factors with a minimum of experiments. Orthogonality means that each factor is independently evaluated and the effect of one factor does not interfere with the estimation of the influence of another factor [28, 29] . Table 2 shows the key four ATIG welding process parameters investigated at the three experimental levels. In the next step, a matrix was designed with the appropriate OAs for the selected parameters and their levels.
The OA experimental design method was chosen to determine an experimental plan, L 9 (3 4 ) ( Table 3) , because it is the most suitable for the conditions being investigated; for the four parameters, each has three values [30] . The L 9 (3 4 ), which indicates 9 experimental trials, is one of the standard orthogonal experimental plans of Taguchi. The order of the experiments was obtained by inserting the parameters into the columns of OA, L 9 (3 4 ), chosen as the experimental plan listed in Table 3 , but the order of experiments was made randomly to avoid the noise sources which had not been considered initially and took place during an experiment and affected the results in a negative way.
Taguchi method recommends the signal-to-noise (S/N ) ratio, which is a performance characteristic, instead of the average value. Optimum conditions were determined using the S/N ratio from experimental results [27] . There are three S/N ratios of common interest for the optimization of static problem, i.e., the higher the better (HB), the lower the better (LB), and the nominal the better (NB). The larger S/N ratio represents to better performance characteristic.
The mean S/N ratio at each level for various factors was calculated. Moreover, the optimal level, that is the largest S/N ratio among all the levels of the factors, can be determined. A statistical analysis of variance (ANOVA) was also performed to indicate which process parameters are statistically significant; the optimal combination of the process parameters can then be reproduced. In order to validate the methodology, the confirmation experiments must be performed using optimal process parameters to verify the predicted results. If the predicted results are confirmed, the suggested optimum working conditions should be adopted [31] .
Conducting the experiments as per design matrix
Rolled plate made from 6 mm thick base metal was sliced into small required plates (100 mm Â 150 mm) by abrasive cutters and then they were ground. Square butt joint configuration, as shown in Fig. 3 , is prepared to fabricate the joints by tungsten inert gas (TIG) welding using activated flux without addition of any filler material (autogenous welding). In this study, the autogenous welding was carried out using a typical branded activated flux: (Ador A e TIG Flux 1). The branded activated flux is a penetration enhancing activating flux. It is made of different kinds of inorganic oxide materials which change the surface activity and primarily reduces the heat energy required for penetration. Surface active elements in the weld pool ensure that the joint penetration increases drastically. Arc is constricted by the flux coated on the surface of the plate, and the concentrated arc energy increases weld penetration. The initial joint configuration was obtained by securing the plates in position using tack welding. The direction of welding was normal to the rolling direction. All necessary care was taken to avoid joint distortion, and the joints were made after the plates were clamped in a welding fixture. The welding was carried out using a TIG welding machine (Model: HF 3000 AD, Make: Ador Welding Limited). The electrode gap and the travel speed were controlled and maintained by using an automatic torch traveler (Model: Eecutpro (Panther NM), Make: Ador Welding Limited). The welding was carried out by using 3.2 mm nonconsumable tungsten electrode with high-purity argon (99.99%) with a flow rate of 18 L per minute. The welding was carried out in sequential order with the parameters shown in Table 3 .
Recording of responses
Macro examination was carried out using a stereo microscope (Model: 5737312, Make: LEICA) incorporated with an image analyzing software. The specimens for macro examination were sectioned according to the required sizes and were polished using different grades of emery papers. Final polishing was done using the diamond compound (1mm particle size) in the disc polishing machine. The specimens were etched with 10% NaOH at 2e3 V and 6e10 V by using electrolytic etching method, respectively. From the obtained macrostructure depth of penetration, D, and the width of weld bead, W, were measured for all the joints, as shown in Fig. 4 . The aspect ratio (ASR) was calculated for all the joints and are listed in Table 4 . D and W (Fig. 5) were measured and the aspect ratio (ASR) was also calculated for the joint fabricated using the optimized parameters and is listed in Table 8 . Further, the ferrite content (FN: ferrite number) was measured in the weld zone for the above joint by using a ferritescope (Model: MP 30 E, Make: Fischer) to check the austeniteeferrite balance and the average value is tabulated in Table 8 .
Evaluating the signal-to-noise (S/N) ratios
In this study, an L 9 (3 4 ) OA with 4 columns and 9 rows was used. This array can handle three-level process parameters. Nine experiments were necessary to study the welding parameters using the L 9 (3 4 ) OA. In order to evaluate the influence of each selected factor on the responses, the S/N ratios for each control factor was calculated.
In the Taguchi method, the terms ''signal'' and ''noise'' represent the desirable and undesirable values for the output characteristic, respectively. Taguchi method uses the S/N ratio to measure the quality characteristic deviating from the desired value. The S/N ratios are different according to the type of characteristic.
Suitable S/N ratio must be chosen using previous knowledge, expertise, and understanding of the process. When the target is fixed and there is a trivial or absent signal factor (static design), it is possible to choose the S/N ratio, depending on the goal of the design.
As mentioned above, there are three categories of quality characteristics, i.e., HB, LB, and NB. The performance statistics were chosen as the optimization criterion. In this study, aspect ratio (ASR) is treated as a characteristic value. Since the aspect ratio is intended to be maximized, they were both used for ''HB'' situations, and evaluated using the following equation [27, 31] .
where S/N, defined as the signal-to-noise ratio (S/N unit: dB); n is the number of repetitions for an experimental combination; and Y i is a performance value of the ith experiment. Table  4 shows the experimental results for aspect ratio and the corresponding S/N ratios calculated from Eq. (1). The total mean S/N ratio for aspect ratio is h m ¼ (total S/N ratio)/ (number of experimental runs) ¼ 2.67 dB. Moreover, the calculated heat inputs for each series of experiments are also listed in Table 4 . It is then possible to separate out the effect of each parameter at the different levels since the experimental design is orthogonal [32] . In fact, the average performance (mean S/N ratio) of a factor at certain level is the influence of the factor at this level on the mean response of the experiments. In the case of aspect ratio, in order to compute the average performance of the factor B at Level 1 (denoted as B 1 ), the results for trials 1  1  1  100  1  120  1  12  1  2  1  1  115  2  140  2  14  2  3  1  1  130  3  160  3  16.5  3  4  2  2  100  1  140  2  16.5  3  5  2  2  115  2  160  3  12  1  6  2  2  130  3  120  1  14  2  7  3  3  100  1  160  3  14  2  8  3  3  115  2  120  1  16.5  3  9  3  3  130  3  140  2  12  1 including factor B 1 are added and then divided by the number of such trials:
The mean S/N ratio for each level of the other parameters can be calculated in the same way. The mean S/N ratio for each level of the parameters is summarized, and the S/N response table for aspect ratio is listed in Table 5 .
Rank 1 in Table 5 shows that electrode gap has more significant effect on the aspect ratio, followed by current, voltage and travel speed. Also, it is inferred that travel speed does not have much influence on the aspect ratio. However, the levels of the parameters have different influences on the aspect ratio.
Analysis of variance (ANOVA)
The knowledge of the contribution of individual factors is critically important for the control of the final response. The ANOVA is a common statistical technique to determine the percent contribution of each factor for the experimental results [33] . It is used to calculate the parameters known as sum of squares (SS), corrected sum of squares (SS'), degree of freedom (D), variance (V), and percentage of the contribution of each factor (P). Since the procedure of ANOVA is very complicated and employs a considerable number of statistical formulae, only a brief description is given as follows [27, 34] : Fig. 3 . Joint configuration. Fig. 4 Macrostructure of the joints revealing the width of the weld bead and depth of penetration for DSS Joints as per L 9 (3 4 ) orthogonal array illustrated in Table 3 (WZ :weld zone; BMZ : base metal zone; UPBM: unpenetrated base metal).
where SS T is the total sum of squares; m is the total number of the experiments; and h i is the S/N ratio at the ith test.
where SS p represents the sum of squares from the tested factors; p is the one of the tested factors, j is the level number of this specific factor p; t is the repetition of each level of the factor p; and S hj is the sum of S/N ratio involving this factor and the level j. 
where V p is the variance from the tested factors; and D p is the degree of freedom for each factor. Basically, the degrees of freedom (DOF) for OA should be greater than or at least equal to those for the parameters [27] . For example, a five-level design parameter counts for four-DOF. In this study, the experimental DOF is 8 (number of trails minus one); while parameters -DOF is 2 (number of parameter levels minus one).
where SS 0 p represents the corrected sum of squares from the tested factors; and V e is the variance for error.
where P p is the percentage of the contribution to the total variation of each individual factor. The ANOVA results are presented in Table 6 . As seen in Table 6 , the electrode gap is the most significant factor on aspect ratio with contribution of 53.99%, followed by current with contribution of 27.62%. The voltage and travel speed are insignificant with contribution of 14.55% and 3.82%, respectively.
Pooled ANOVA
In the ANOVA analysis, if the contribution percent is high, the contribution of the factors to that particular response is more. Likewise, the smaller the contribution percent is, the lower the contribution of the factors on the measured response is. Therefore, another analysis is conducted by pooling the insignificant factors to error (see Table 7 ). The process of disregarding an individual factor contribution and then adjusting the contribution of the other factor is known as pooling [34] . The results of ANOVA after pooling for aspect ratio are presented in Table 7 . Pooled ANOVA values reveal that the electrode gap (44.80%) is a significant factor for the aspect ratio in the ATIG welding process.
Checking the adequacy of the optimum process parameters through confirmation test
Once the optimal level of the design parameters is selected, the final step is to predict and verify the improvement of the quality characteristic using the optimal level of the design parameters [32, 35] . The S/N ratio predicted using the optimal level of the design parameters can be calculated [32] :
where h m is the total mean S/N ratio; h i is the mean S/N ratio at the optimal level; and n is the number of the main design 5 . Macrostructure of the joints revealing the width of the weld bead and depth of penetration for DSS Joints fabricated using the optimized process parameters as illustrated in Table 8 (WZ :weld zone; BMZ : base metal zone; UPBM: unpenetrated base metal).
parameters that affect the quality characteristic. The S/N ratio predicted using the optimal ATIG parameters for aspect ratio can then be obtained and the corresponding aspect ratio can also be calculated using Eq. (1). Table 8 shows the comparison of the predicted aspect ratio with the experimental results using the optimal conditions. There is good agreement between the predicted and experimental aspect ratios being observed. However, the optimized parameters obtained for welding ASTM/UNS S32205 DSS in this study should be justified for its use in real-time engineering application and are illustrated below.
Discussion
Solidification cracking generally occurs slightly above the melting temperature of the lowest melting constituent, which is sometimes referred to as the effective solidus temperature [36] . At this point in the solidification process of weld, the adjacent dendrites impinge upon each other to form the solidified bridges, which are surrounded by the regions containing lower-melting interdendritic liquid. These solid bridges are subject to the greatest shrinkage-induced strain as the surrounding material cools. A threshold amount of either lowmelting liquid or strain may cause the fracture of these solid bridges and the subsequent formation of a weld hot crack [37, 38] . Based on the correlation between cracking susceptibility and solidification behaviour developed for the austenitic stainless steels, the susceptibility of the duplex alloys to hot cracking would be expected to be low [39] . The solidification cracking is generally produced during the final stages of solidification and very much depends on the geometrical factors, such as width of weld bead, W, and depth of penetration, D. W and D are two major factors in achieving a good weld and depend on the welding procedure to a large extent. The shape of a weld in terms of width-to-depth ratio known as aspect ratio (ASR) has a marked influence on its solidification cracking tendency, which can be minimized by ensuring that ASR is between 1 and 1.4 and is illustrated in Fig. 6 [40] . ASR is a predominant factor that affects solidification cracking in structural steel joints and is applicable to DSS joints also. In this study, ASR is found to be 1.24 (W: 7.12 mm; D: 5.72 mm) for the joint fabricated using optimized process parameters: travel speed (130 mm/min), current (140 A), voltage (12 V) and electrode gap (1 mm). There is no evidence solidification cracking macroscopically and is evident from the macrograph for the above joint (Fig. 5) .
Max heat input allowed for this grade is 2.5 kJ/mm. For TIG welding, it is desirable to have the heat input from 0.75 to 1.5 kJ/mm. The optimized process parameters of activated GTA welding process in this study yielded a heat input of 0.778 kJ/mm which is within the recommended levels. The goal to weld any duplex stainless steel is to obtain fusion and heat-affected zones having the excellent corrosion resistance of the base metal and sufficiently high impact toughness for application. ASTM/UNS S32205 grade base metal has an annealed structure with the equal proportion of austeniteferrite phases and is virtually free of intermetallic phases. Welding procedures should be designed to produce this same structure in the weld metal and the heat-affected zones. The weld thermal cycle, filler metal and protection atmosphere, can control this structure. Near the fusion temperature, the structure of duplex stainless steels is entirely ferritic. The desired 30e55% ferrite can be achieved only if the cooling rate is slow enough to allow austenite to re-form as the weld cools. If the cooling rate is too slow, however, embrittling intermetallic phases may form in spite of the presence of the optimum ferrite content. Extremely low heat input followed by rapid cooling may produce a predominant ferritic heat-affected zone with reduced toughness and corrosion resistance [41, 42] . In this study, the average ferrite number (FN) in the weld zone for the joints fabricated using the optimized process parameters is 71.62, and the ferrite content is approximately 50.674% which is well within the acceptable range. Hence, the optimized process parameters are justified for welding ASTM/ UNS S32205 grade DSS by ATIG welding process.
Conclusions
In this study, the ATIG welding process parameters were optimized for ASTM/UNS S32205 DSS joints to obtain desirable aspect ratio, and the results were analysed in detail. We can draw the following conclusions.
1) The electrode gap is the predominant factor that affects the aspect ratio of DSS welds fabricated using ATIG welding process.
2) The optimum welding parameters are found to be electrode gap of 1 mm, travel speed of 130 mm/min, current of 140 A, and voltage of 12 V. 3) The confirmation experimental results for aspect ratio is in good agreement with the data analyzed by the Taguchi method 4) The aspect ratio is found to be 1.24 for the joints fabricated using the optimized process parameters and is well within the acceptable range to avoid solidification cracking. 5) Average ferrite number (FN) in the weld zone for the joints fabricated using the optimized process parameters is 71.62, and the ferrite content is approximately 50.674% which is well within the acceptable range. 6) There is no evident solidification cracking macroscopically for the DSS joints fabricated using optimized ATIG welding process parameters. Fig. 6 . Effect of weld shape on solidification cracking tendency [40] . 
